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Resumo  
Na última década, o fabrico aditivo (AM) tem sofrido um crescimento exponencial e ganhou 
cada vez mais importância na pesquisa recente, principalmente devido à liberdade para criar 
geometrias sofisticadas que são impossíveis de produzir usando um ou combinações de vários 
processos produtivos alternativos. A tecnologia de AM tem sido usada principalmente para a 
produção de protótipos rápidos durante a fase de conceção e desenvolvimento de produto em 
muitos sectores industriais. No entanto, protótipos obtidos por impressão 3D, têm propriedades 
mecânicas limitadas e as peças impressas não podem geralmente cumprir os requisitos 
mecânicos para aplicações funcionais. Como consequência, este problema tem dado origem a 
um novo conceito de impressão 3D baseado na adição de fibras a um material de matriz 
polimérica. Por intermédio desta técnica, as propriedades mecânicas das peças impressas 
podem ser melhoradas. Esta tese procurou estudar o efeito do reforço de fibra de carbono em 
amostras de nylon impressas numa impressora Mark One de Markforged. As amostras 
reforçadas com carbono foram comparados com amostras de nylon puras através dos resultados 
obtidos em ensaios de tração e flexão. As amostras reforçadas com carbono e de nylon foram 
impressas para testes de resistência à tração e à flexão. A metodologia consistiu em obter as 
amostras impressas, fazer a caracterização mecânica e processar os dados obtidos. Para a 
impressão configurou-se a impressora com o software Eiger. Os resultados da caracterização 
mecânica das amostras reforçadas com carbono e de nylon puro foram comparados e discutidos, 
a fim de avaliar o grau de reforço do carbono nas propriedades mecânicas do nylon. 
 
 
 iv 
Mechanical Characterization of Polymer Matrix Composites Produced 
by 3D Printing 
 
Abstract 
In the last decade, additive manufacturing (AM) technology has undergone exponential growth 
and gained more and more importance in the recent research, mainly due to the freedom of 
creating sophisticated geometries that are impossible to produce using either one or a 
combination of several alternative production techniques. AM technology has mostly been used 
for prototyping application during the product design and development phase in many different 
industrial sectors. However, 3D printed prototypes have limited mechanical properties and the 
printed parts usually cannot fulfil mechanical requirements for functional applications. As a 
consequence, this problem has given rise to a new concept of 3D printing technique based on 
adding fibers to the polymeric material matrix. By means of this technique, the mechanical 
properties of the printed parts can be enhanced. The current thesis has researched in carbon 
fiber reinforcement for nylon specimens printed by the Mark One printer from Markforged. 
The carbon reinforced specimens were compared with pure nylon specimens by means of the 
results obtained from tensile and flexural tests. Nylon and carbon reinforced nylon specimens 
were printed for both tensile and flexural tests. The methodology consisted of obtaining the 
specimens by 3D printer, do the mechanical characterization and treat the data obtained. In 
order to print the specimens and configure the printing options, a software named Eiger was 
used. The results of the mechanical characterization of carbon reinforced nylon and pure nylon 
specimens were compared and thoroughly discussed, so as to assess the improvement of the 
carbon reinforced nylon specimens’ mechanical properties.  
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1 Introduction 
1.1 Motivation of the Project 
In the last decade, additive manufacturing (AM) technology has undergone exponential growth 
and gained more and more importance in the recent research, mainly due to the freedom of 
creating sophisticated geometries that are impossible to produce using either one or a 
combination of several alternative production techniques such as injection moulding, extrusion 
moulding, sintering, foundry, etc [1]. 
AM technology has mostly used for the prototyping application during the product design and 
development phase in many different industrial sectors such as automotive, biomechanical, 
architecture, education, robotics, entertainment, etc. This technology is an appropriate tool to 
develop the prototype of the product so as to evaluate the design for further progress of the 
product. However, 3D printed prototypes have limited mechanical properties and the printed 
parts usually are not used for functional applications. The motivation of this project is to 
enhance the mechanical properties of the printed parts so as to use them as functional 
prototypes.  
Nowadays there is research based on fiber reinforcement for polymeric printing materials. As 
INEGI (Instituto de Ciência e Inovação em Engenharia Mecânica e Engenhaia Industrial) is in 
continuous innovation and involving in projects of additive manufacturing, do some research 
and experiment to reinforce the material will be advantageous for future work.  
1.2 Presentation of the INEGI 
This project has taken place at INEGI. INEGI is an interface Institution between University of 
Porto and Industry, oriented to the activities of Research and Development, Innovation and 
Technology Transfer. It was founded in 1986, as an organization to empower the relationship 
between the University of Porto and National Industrial on mechanical engineering and 
industrial management knowledge fields. The fields that INEGI works in are Energy, 
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Metalomechanical, Automobile and Transport, Aeronautics and Space, Environment, 
Healthcare and others.   
This project has been developed in the “New Technologies and Advances Production Processes 
Unit (NOTEPAP)”. There is research in different specialities in this unit, such as casting, 
additive manufacturing, rapid tooling, forming technologies, simulation of forming processes 
and technology. This particular project is in the group of additive manufacturing. Due to the 
high mechanical properties requirement from the prototypes, the NOTEPAP unit has several 
research projects about enhancing the printing material resistance varying types of the fibres 
reinforcement and printing direction of materials. 
The INEGI holds a group of many other resources to support its activities such as laboratories 
for experimental work, workshops for components and pre-series development and a vast 
collection of computer tools fundamental for engineering design. Laboratories of Additive 
Manufacturing and Rapid tooling, Mechanical Testing and Materialography are used for this 
project. In the laboratory of Additive Manufacturing, specimens are printed by 3D printers. 
There are several 3D printers in the laboratory with different characteristics, but only one is 
used for this project. More information about the printer will be described in following chapters. 
In addition, all the mechanical and microstructural characterization of this research was done 
in the laboratory of Mechanical Testing and Materialography. More detailed information about 
the tests used will be introduced in the following chapters [2]. 
1.3 Objectives of the Project  
It is known that the polymers produced by FDM lose part of their properties and tend to be less 
stiff materials, for this reason adding fibers will be one of the solution to add stiffness to the 
original material. The main work of this research is to enhance mechanical properties of the 
samples produced by fused deposition modeling (FDM) by adding fibers to the polymer matrix. 
As improving some of the mechanical properties can worsen other properties, not all the 
properties can be improved simultaneously. Improving the strength of samples within the 
minimum variation of other properties such as weight, density, deformation, etc., is the aim of 
this research. In order to achieve this objective, the mechanical characterization will be done 
using several specimens with and without fibers and the results obtained will be compared. This 
research is focused on the use of nylon as matrix polymer and carbon fiber to reinforce the 
matrix material. This research may be useful for the future development of the FDM printed 
prototypes or products and may make the FDM technology gaining more importance in the 
product manufacturing sector.  
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1.4 Methods used in the project  
The project consists of four main phases: the first phase is the literature review of articles with 
the same research subjects and the review of additive manufacturing; the second phase is the 
specimens’ preparation for the experimental part; the third phase is the testing of the specimens 
printed and the last phase is to analyze the results from the tests to make some discussion and 
conclusions.  
In the literature review, several AM techniques and polymers composite materials were studied. 
These resources will help to discuss with the own results of the project. Afterwards, at the 
second phase, the ISO standards which are used for the specimens and the tests to obtain the 
properties are selected. There are 2 main tests which are tensile tests and flexural tests. There 
are four groups of specimens: for the tensile tests, there are one group of pure nylon specimens 
and the other carbon fiber reinforced nylon; for the flexural tests, there are also one group of 
pure nylon specimens and the other carbon fiber reinforced ones. Subsequently the specimens 
will be tested using the tensile machine from FEUP and the flexural machine from INEGI. After 
obtained the results from the tests, the post-processing of the data, results discussion and final 
conclusions will be done.  
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2 Additive Manufacturing 
Additive manufacturing (AM) is the technique that manufactures components by joining the 
printable materials layer upon layer based on a computer aided design (CAD) model [3]. This 
manufacturing technique has the advantage to fabricate complex geometry models with great 
design flexibility and accurate control system. There is no need of any complex tooling 
component such as matrix mould to manufacture the parts. Nowadays these techniques has been 
gaining more importance in front of conventional manufacturing techniques due to the 
advantages they present, such as design flexibility, high complexity in geometry and decrease 
in production cycle, etc. [1, 4]. The material used are thermoplastics, metal and other less used 
materials. In the field of plastic materials, it is mostly used thermoplastics. This project will be 
focused on the field of plastics materials as matrix material for AM. 
Additive manufacturing started first in 1987 with stereo lithography (SL) from 3D systems, a 
process that solidifies thin layers of ultraviolet (UV) light-sensitive liquid polymer using a laser 
[5]. Throughout the 20th century, several AM techniques haven been developed and 
commercialized such as SL systems, fused deposition modelling (FDM) from Stratasys, 
selective laser sintering (SLS), etc. The advent of modern computer aided design software 
provided the ability to design more and more complex geometry design in new and flexible 
ways. This is the reason why a variety of AM technologies have been used to meet the objective 
to obtain components with complex 3D models. Additive manufacturing is gaining more and 
more importance in several application fields ranging from making prototypes in industrial 
applications to sociocultural applications [6].   
In industrial applications, AM technologies are used on the one hand for making prototypes and 
research purposes. On the other hand, they are used as components in final production products, 
especially the metal parts, in the field of automotive industry, aerospace and defence, 
construction, medical devices, etc. However, these final products manufactured by AM 
technologies are made with limited quantities and have limited properties. For instance, in the 
aerospace field, the AM technology allows to produce lightweight and resistant components. 
The materials used in this fields are mostly metal, non-metal and metal matrix composites. In 
medical field, AM is applied in orthopaedics, plastics surgery, stomatology and so on. 
Moreover, in the field of construction is also growing fast, AM has been used for the 
architectural design where the metal are used as AM material [6].  
In sociocultural applications, AM technologies are usually used in education, art and domestic 
use.  For education purpose, 3D printers are used for students to design and make prototypes 
for school projects. 3D printing allows them more flexibility while creating geometries and 
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more economic [7]. Thanks to this technology, students have more resources to cover their 
necessities. 3D printed components are also used for art purpose, artist use them to achieve 
complex geometrical figures or do replication of real objects.  Nowadays, 3D printed products 
are used more and more in our daily life, people can create their own products depending on 
their necessities [8].  
2.1 Processes 
Throughout the time, various AM processes have been introduced to the commercial market by 
industrial companies. In this chapter, several mostly used processes will be presented. At the 
end of this section, a conclusion will be made to compare these technologies.  
 SLA, known as stereolithography, optical fabrication or resin printing. This technology 
consists of producing parts accumulating layer by layer using photopolimerization process. 
The machine is formed by four main parts: a pool filled with liquid resin (photopolymer), a 
platform and an elevator or piston which can lower the platform into the pool, an ultraviolet 
laser and a computer scanning system (Figure 1). The printing process consists in solidifying 
liquid resin using the laser beam. The laser beam directed into the pool of resin traces the 
cross-section pattern of the model and get the final geometry [9, 10]. The models designed 
using this technology is accurate, lightweight and durable. However, because of the long-
term curing can lead to warping and the surface of the final part is tacky and warped. The 
final printed parts are brittle and do not resist too much stress applied. Moreover, the uncured 
material in SLA is toxic and the printer needs ventilation. If change of the material is needed, 
the rest of the resin from the tank should be totally removed and this is more procedures and 
work.   
 
Figure 1-Schematic of SLA printing technology [11]. 
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 FDM, fused deposition modelling. A widely used AM process technique, parts are built 
layer by layer by extruding thermoplastic materials through a nozzle onto a platform. In the 
extrusion heads where plastics filaments or threads are placed. The nozzle melts the 
filaments and extrudes them onto the platform. Both the nozzle and the platform are 
controlled by the computer. Figures are built from the bottom to the top layer by layer [10] 
[12]. The material bonds with the layer beneath and solidifies due to the thermal fusion. In 
order to achieve different goals of the final printed parts, the machine can print using the 
support material nozzle in order to add fibres to the part (Figure 2). This project is focused 
on this technology and in the following chapter will be explained in more detail.   
 
Figure 2-FDM technology [13]. 
 MJM: Multi-Jet modelling is similar to an inkjet printer. This uses a head where can deposit 
either photocurable plastic resin or casting wax materials layer by layer [14]. Each layer is 
ejected in liquid state and the UV lamps or cooling air will solidify the materials creating a 
fully cured plastic or wax part (Figure 3). Depending on the types of machine, some of them 
use cooling air to solidify and some use UV lamps. These machines can be capable of 
shuttling back and forth incorporates 100 of small jets to apply a layer of thermopolymer [1, 
15]. This technology has the advantage of printing with multi-material and multi-colour 
parts. However, the accuracy of the printing is not good enough, the materials are limited 
and the production volume is small. Moreover, the UV active photopolymers are not durable 
over time and they are not as efficient as other polymers.  
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Figure 3-Multi-Jet modeling [16]. 
 SLS, selective laser sintering uses a high powered laser to fuse small particles of plastics, 
metal, ceramic or glass. A laser heats the powder up and fuses it with the previous layer. 
While building the part using SLS, the part is surrounded by unsintered powder, due to this, 
SLS does not need separate support material to construct the part like other AM processes, 
such as SLA and FDM [10] [17]. As shown in the Figure 4, there are two pistons, one of 
them goes up to provide powder to the other tube where the part is built. The other piston 
goes down when one layer of the part is built. As the material is in powder form, the cost for 
material is less in this case. However, the cost of manufacturing of this technology is high 
and the speed of production is lower than other technologies.  
  
Figure 4-SLS process [18]. 
 DLP, digital light processing. This technology is similar to stereolithography which works 
with photopolymer. However, DLP uses an optical semiconductor called a Digital 
Micromirror Device (DMD), which uses mirrors to reflect light to project the entire slice of 
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the object [19, 20].  Layers of resin are cured in a simple pass of the light, generally the 
process if faster than SLA [21]. DLP produces accurate parts with high resolution and it 
requires a support structures to help building the parts (Figure 5). Although the parts printed 
with DLP have high resolution, the parts are fragile and need post-processing and curing and 
these processes are expensive.  
 
Figure 5-DLP Technology [20].  
After studying some different types of the AM technology and comparing the features of each 
one, the FDM technology is the most suitable one for this project research. Some of the reason 
is because of its flexibility working on a great range of materials and fibers and also because of 
its economical price.  
The others technologies have its advantages and disadvantages, for instance SLA has accurate 
lightweight parts but they are UV-cured and long-term exposure to sunlight can reduce 
mechanical strength. Also the resin tank of SLA should be change periodically, these 
maintenance procedures are costly. However the maintenance of the FDM printers are simple 
and they keep neat, the filament rolls cost less than other form of material. FDM presents so 
many advantages over others technologies. As a consequence, to do a new experiment with 
fibers and do characterization for this project will be a suitable technologies to apply.  
2.2 Materials 
As mentioned in the section before, fused deposition modelling (FDM) is a widely used AM 
technique nowadays. More and more fields like prototyping, automotive, aerospace and 
medical is using FDM process to manufacture parts. In this project, it will be focused on this 
specific technique. For this reason, it has been researched in articles of this field.  
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FDM uses mostly thermoplastics for printing due to its heat resistance properties. The most 
common thermoplastics used for FDM are: PLA, ABS, PC, Nylon, PP, Ultem and mixture for 
any 2 types of these thermoplastics [12]. Each material has its characteristics, some positive 
features and some negative ones. These materials have different properties when they are used 
for FDM than for other manufacturing process such as injection moulding, extrusion, 
laminating, etc. Generally, the mechanical properties of the materials are lower when made by 
FDM than by injection moulding. Here in this chapter, the properties presented will be used for 
FDM technologies.  
 PLA (Poly Lactic Acid) is one of the most used material for FDM technology. It is a 
biopolymer, which means a biodegradable thermoplastic. It is made from renewable raw 
materials such as corn starch or sugarcane. It has lower heat deflection temperature (HDT) 
than other thermoplastic and lower glass transition temperature as well. These properties 
make PLA easily heated for 3D printing. The printing temperature is around 190 to 230 ºC 
which is lower comparing to other thermoplastics. PLA is a stiff plastics, it is harder than 
ABS but also more brittle when bending. Oksman et al. (2003) [22] proposed to improve the 
material properties by reinforcing with fibers. PLA’s most common applications include 
food packaging, bottles, plastic films, biodegradable medical devices and house gadgets. It 
can not be used for high heat application due to its low HDT. Table 1 shows some properties 
of the PLA from provider NatureWorks [23].  
Table 1-Mechanical Properties of PLA from NatureWorks LLC [23] 
Material Properties      Method PLA 
Tensile Strength (MPa) ASTM D638 50 
Tensile modulus (MPa) ASTM D638 2320 
Flexural Strength (MPa) ASTM D790 82 
Flexural Modulus (MPa) ASTM D790 3830 
Strain at break  ASTM D638 2,3% 
Heat deflection temperature 
(HDT) (ºC) B ( 0,45 MPa ) 
ASTM E2092 80-90 
3D Printing Temperature (ºC) - 190-230 
 
 ABS (Acrylonitrile Butadiene Styrene) is a petroleum based thermoplastic polymer and as 
it is amorphous, ABS has no true melting point. ABS is tough but not as PLA, however, it 
is more impact-resistant, it can absorb more impact energy than PLA. The most common 
application for ABS is car parts like car bumpers, motorcycle helmets and music instruments. 
On the contrary of PLA, ABS needs to be printed based on a heated bed and with ventilation 
as smell is unpleasant. Moreover, ABS parts are more flexible, ductile and do not tend to 
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break when bending under pressure. However, the mechanical characteristic of ABS differs 
from FDM technology to injection moulding technique. Michael Dawoud et al. (2015) [24] 
have studied the influence of printing parameters on the mechanical properties. This study 
shows that the mechanical properties of ABS prepared by injection moulding generally are 
superior to those of 3D printing and the different printing angles get different results from 
the 3D printed ABS part. The best angle is 45º raster to enhance mechanical properties of 
ABS. Using this angle the part can reach almost 91% of the tensile strength and 86% of the 
flexural strength of injection moulded products. Although the FDM part properties are not 
as good as the injection moulded ones, the printing parameters can be adjusted to reach as 
similar as possible the injection moulded parts properties. Table 2 shows the properties of 
the ABS from Stratasys.   
Table 2-Mechanical Properties of ABSplus-P430 from Stratasys [25] 
Material Properties Method ABS 
Tensile Strength (MPa) ASTM D638 36 
Tensile modulus (MPa) ASTM D638 2280 
Flexural Strength (MPa) ASTM D790 52 
Flexural Modulus (MPa) ASTM D790 2210 
Strain at break  ASTM D638 3% 
Heat deflection temperature 
(HDT) (ºC) B ( 0,45 MPa ) 
ASTM E2092 95 
3D Printing Temperature (ºC) - 230-250 
 
 PC (Polycarbonate) is a thermoplastic with carbonate group in the chemical structure. PC is 
used as strong, impact-resistant materials. It can also bend at cold condition without cracking 
or deforming. PC is tougher than ABS and has a wide application in engineering field such 
as automotive, aerospace, medical equipment, etc. For FDM technology, PC presents 
different properties depending on the printing angles. Jason Cantrell et al. (2016) [26] did 
some experiments using PC specimens produced by FDM in several printing orientation and 
revealed that the specimens increase their tensile modulus when rotating from 0/90º to +45/-
45º. For this reason to avoid anisotropy and achieve the properties as normal injected PC 
materials, it has to be printed in 45º to increase mechanical properties. Moreover, PC has 
high HDT value, it can used in high temperature application. However, the printing 
temperature is higher than other thermoplastics presented before, in this case is more difficult 
to print. Table 3 shows the properties of the PC from Stratasys.  
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Table 3-Mechanical Properties of PC from Stratasys [27] 
Material Properties Method PC 
Tensile Strength (MPa) ASTM D638 68 
Tensile modulus (MPa) ASTM D638 2280 
Flexural Strength (MPa) ASTM D790 104 
Flexural Modulus (MPa) ASTM D790 2230 
Strain at break  ASTM D638 5% 
Heat deflection temperature 
(HDT) (ºC) B ( 0,45 MPa ) 
ASTM E2092 138 
3D Printing Temperature (ºC) - 255-300 
 
 Nylon (Polyamide 6.6) is a thermoplastic which is used more and more as 3D printing 
materials. This polymer unlike ABS and PLA is less brittle, more flexible, more durable and 
stronger. It has a lot of application such as living hinges, sportswear due to its durability and 
flexibility and it is also used in the automotive field. Nylon has high interlayer adhesion, 
which lead to better finishing of the printing part [28]. Nylon as injection moulded material 
is widely used in a lot of applications for its promising mechanical properties. Consequently, 
FDM technology has the tendency is to print with nylon. Markforged is the company that 
developed several printing machines to print nylon and with the option to print with fiber 
reinforcement [29]. The parts printed with nylon and fiber reinforcement by Markforged are 
stiffer and tougher than ABS and PLA and have more and more applications on several 
fields. This research will focus on nylon and Markeforged printers will be used to develop 
some specimens. Table 4 shows some of the properties of the nylon12 for 3D printing from 
Stratasys.   
Table 4-Mechanical Properties of Nylon12 from Stratasys [30]. 
Material Properties Method Nylon 
Tensile Strength (MPa) ASTM D638 53 
Tensile modulus (GPa) ASTM D638 1,31 
Flexural Strength (MPa) ASTM D790 70 
Flexural Modulus (MPa) ASTM D790 1310 
Strain at break  ASTM D638 9,5% 
Heat deflection temperature 
(HDT) (ºC) B ( 0,45 MPa ) 
ASTM E2092 75-90 
Melting Temperature (ºC) - 178 
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 PP (Polypropylene) is a thermoplastic used widely in textile, packaging, household 
appliances, medical devices, containers, and automotive components among others. Due to 
its low density advantage it is the most used polymers. However, nowadays PP is still not 
used for FDM technology due to its heat distortion in high temperature and worse finishing 
of the part. Moreover, PP is no readily available in FDM filament form. There are recent 
research from O.S. Carneiro et al. (2015) who tested the specimen printed by PP [31]. In this 
study they used the commercially available PP ISPEN PP 040 C1E from Repsol which is 
used for extrusion, thermoforming processes as there is no other available 3D printing PP in 
the market. In this article they extruded the filament of PP from the commercial material and 
then use the filaments to print the parts. Although the research shows the decrease of the 
properties with fibers reinforcement and improve the characteristic and there will be future 
research to keep improving the FDM with PP material. Table 5 shows the properties of the 
PP ISPEN 040C1E from Repsol.   
Table 5-Mechanical Properties of PP ISPEN 040 C1E from Repsol [32]. 
Material Properties Method PP 
Flexural Modulus (MPa) ISO 178 1800 
Heat deflection temperature 
(HDT) (ºC) B ( 0,45 MPa ) 
ISO 75-2/B 90 
Melting Temperature (ºC) - 190-250 
 
 Ultem (PEI: Polyetherimide) is an amorphous thermoplastic. Ultem is a family PEI products 
manufactured by SABIC [33]. This resin has good heat deflection characteristics, good 
chemical resistance to non-oxidizing acids and high strength and stiffness. It is used in 
medical and chemical instrumentation due to their heat resistance, solvent resistance and 
flame resistance [34]. Ultem started to be an ideal FDM thermoplastic in the field of 
aerospace and automotive engineering where require functional prototypes, manufacturing 
tools and high-value production parts. The company Stratasys is the first one to develop a 
FDM used Ultem 9085 Resin (Table 6) where some researchers have already made 
experiments such as Kath C. Chuang et al. (2015) [35] and R.J. Zaldivar et al. (2016) [36]. 
Kathy C. Chuang et al. (2015) used Ultem polymers as FDM material to produce aircraft 
engine components. As it is know that the properties of the material is different using FDM 
or injection moulded, so in this project they made the comparison between the two 
processing techniques and evaluated the properties. It is proved in the experiments that using 
Ultem in FDM can still exhibited about 84% of its original strength. However, this material 
is not common for the FDM, the filament production is still in development for future FDM 
products.  
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Table 6-Mechanical Properties of Ultem 9085 from Stratasys [37]. 
Material Properties Method Ultem 
Tensile Strength (MPa) ASTM D638 71,6 
Tensile modulus (MPa) ASTM D638 2200 
Flexural Strength (MPa) ASTM D790 115 
Flexural Modulus (MPa) ASTM D790 2500 
Strain at break  ASTM D638 6% 
Heat deflection temperature 
(HDT) (ºC) B ( 1,8 MPa ) 
ASTM D648 153 
 
All the materials presented are used for the different applications, some of them are more 
economical such as PLA which is usually used for open source 3D printers. In this project, the 
matrix polymer material selected is nylon from Markforged which will be presented in detail in 
the following chapter. 
2.3 Composites in FDM processes 
All materials’ properties used for FDM is lower than using for injection moulded process. In 
order to reach as much as possible the original value using FDM, thermoplastic composites 
should be used to make this possible. Thermoplastic composites are used to achieve desired 
mechanical and functional properties. Therefore, in recent years, development of composite 
materials have attracted tremendous attentions. This solution consist of reinforcing the matrix 
material by adding particles, fibers or nanomaterials [38, 39, 40]. About this topic there have 
been a lot of research based on thermoplastics composites as FDM material. In this section, 
some studies and experiments from other researches will be presented.  
Concept of polymer composites 
The concept of composites can be defined as a multi-phase combination material of two or more 
components materials with different properties, it not only maintains the main characteristics 
of the original component, but also shows new characteristic which are not possessed by any of 
the original components. The composite is formed by the matrix phase which is continuous, 
another is called reinforcement which is scattered and surrounded by the matrix [41]. There are 
different classification of the composites, in accordance with the form of the reinforcement 
phase it can be continuous fiber-reinforced, braid reinforced, sheet reinforced, short fiber 
reinforced, particle reinforced or nanoparticle reinforced. Reinforcing FDM polymer matrix is 
most common to use continuous or short fibers such as glass, carbon and aramid fibers [42]. 
Moreover, there not only reinforced polymer for FDM technology but also for other 
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technologies such as 3D powder printing that S. Christ et al. (2015) have already proved the 
improvement of the fiber reinforcement [39].  
Techniques of making polymer composites for FDM 
There are several techniques to form composites polymers by FDM, one of them is to get the 
mixture of the matrix polymer and fibers in a blender and then extrude the filaments for printing; 
the second way is to print using two nozzles: one with matrix polymer and the other with fiber; 
the third way is to fill hollow voids with reinforcement resin. In the research of the Fuda Ning 
et al. (2015) [43], the polymer composite was produced by mixing the plastic pellets and carbon 
fiber in a blender with different percentage of carbon content. After then the carbon fiber filled 
filaments were extruded to be used in FDM and printed all in the same orientation; +45º/-45º. 
In this article it was demonstrated that a determined percentage (7.5%) of carbon fiber 
reinforcement will get the best results of mechanical properties, after that adding more content 
of the carbon fiber will not improve significantly the properties of the original polymer. The 
conclusion obtained from Fuda Ning et al.’s article is profitable for this project while selecting 
the content of the fibers. Another similar research from Masaki Namiki et al. (2016) [44], was 
using carbon filled filament to print the samples and in this case the sample was printed in a 
transversal way. The results showed that the carbon fiber was not fully embedded in the matrix 
polymer and this made the specimen more fragile. One of the others techniques which is to print 
the sample using two different nozzles, one printing the matrix polymer and the other fibers. 
This technique is used by the Markforged machine [29].  In the article of the Frank Van der 
Klift et al. (2016) [45], they used the Markforged printer Mark One to print a carbon fiber 
reinforced thermoplastic. The layers of the carbon fiber were intercalated in the layers of nylon. 
The result increases the elastic modulus but the material seems to be more fragile because of 
the discontinuities of the printing. As this project will use the same printer as this article, mores 
detail results will be discussed in further chapters.  
Orientation of the fibers  
As presented previously fibers can be different types such as continuous fibers, particles 
reinforced, short fibers reinforced etc. Furthermore, not only the types of the fibers is an 
important factor for the reinforcement, but also the orientation and the distribution of the fibers. 
The orientation is an influential factor that affects the final properties of the parts [46]. It can 
be high oriented, with determined direction, or no orientated, with random direction. There are 
studies which propose an orientation optimization method for the fibers in order to obtain the 
best results in properties [47]. Moreover, the length of the fibers distributed is also crucial for 
the final results. Hali L. Tekinalp et al. (2014) [48], presented an experiment using short fiber 
Mechanical Characterization of Polymer Matrix Composites Produced by 3D Printing 
15 
(0.2-0.4) reinforced ABS composites as material for FDM and compare the results with 
compression moulded composites. The results showed that the tensile strength of the short fiber 
reinforced composite increased around 115% comparing with the non-reinforced one. Although 
significant porosity was observed in FDM-printed samples, the high oriented fibers helped to 
reach comparable tensile strength and modulus [48]. Weihong Zhong et al. (2001) used short 
glass fibers in ABS and the results improved the tensile strength and Young modulus [49]. 
Additionally, other study of M. Sugavanesaran et al. (2013) [50], which is not in the scope of 
this project,  made an experiment of randomly oriented fibers, in this article they introduced a 
methodology for polyjet 3D printing technology using randomly oriented multi material. It is 
found that the fibers helps improve the stiffness and the orientations influence the final results 
of the printed components.  
Among all articles of the reinforced polymers for FDM, the most common fiber is the 
continuous carbon fiber. Nevertheless, there are also new fibers such as graphene fiber as a new 
trend in carbon fibers. Zheng Xu et al. (2015) exhibited in their article the promising 
characteristics of the graphene fiber which have reached a higher level of tensile strength and 
electrical conductivity than conventional carbon fibers [51].  
Furthermore, the printing pattern of the part is also essential influence on the final mechanical 
properties. Joseph T. Belter et al. (2015) [52] printed the samples in different pattern to find out 
the pattern which gets better mechanical properties. The results shown that in order to avoid 
anisotropy, the best pattern is printed in cross lines which means printing in +45º/-45º 
alternatively each layer.  
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3 FDM Experimental Procedures 
From all the AM technologies presented previously, this project will specially focus in the FDM 
technology. This is one of the most used AM techniques and in this chapter the experimental 
procedures of this project will be described in detail, this includes the presentation of the 
printing machine used, the materials used and the laboratory equipment used to fulfill the tests.  
The experiments to be carried out are the tensile test and the flexural test. The tensile test the 
specimens used are dog bone shaped in accordance with ISO 527-2 standard (Figure 6) and the 
flexural test is a 3-point bending test using specimens of ISO 178 standard (Figure 7). The 
thickness of the tensile specimen is 4mm and for flexural specimen is 6mm. The material used 
will be Nylon Markforged (MF) and Nylon MF with carbon fibers MF. There are 6 specimens 
for each one of the material used. The total number of the specimens for the two test will be 36. 
Table 7 shows the main information of the experiments, in the following sections will present 
these information in more detail.   
 
Figure 6-ISO527-2 Tensile Specimen Drawing 
 
 
Figure 7-ISO178 Flexural Specimen Drawing 
 
Table 7-General Information of the Experiments 
    Number of Specimens 
Tests ISO Standard Dimension  Machine Nylon MF 
Nylon MF + 
Carbon Fiber MF 
Tensile test ISO 527-2 150 x 20 x 4 mm MTS 810 6 6 
3-point bending ISO 178 120 x 15 x 6 mm TIRAtest 2705 6 6 
Total    12 12 
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3.1 Laboratory equipment   
The laboratory equipment are the equipment used to test the specimens. For this Project it is 
used three types of equipment. The tensile test machine, the flexural test machine and the optical 
microscopy. In this chapter the basic characteristics of the machines will be presented.  
The tensile test machine used for the test is from FEUP and it is from the brand Material Test 
System (MTS) model 810 [53]. It has a console which can apply a force up to 100kN and a 
rapid one with the ability to apply a force up to 15kN. The MTS 810 has different applications 
such as fatigue life studies, fracture mechanics studies, tensile, compression and bend testing, 
etc. For the tensile test, it is also used a strain gauge to measure the elongation of the material 
while it is being stressed. Figure 8 shows the MTS 810 used for the tensile test.  
The flexural test machine used for is from Mechanical testing Laboratory of INEGI. The model 
of the machine is TIRA test GmbH 2705 from the German company TIRA GmbhH [54] which 
has a load cell of 500N.  
Moreover, it is also used an optical microscopy to make detail photos of the fracture. The optical 
microscopy is from INEGI, it is a stereoscopic magnifying glass, model OLYMPUS SZH with 
an OLYMPUS DP 12 camera.  
 
   
Figure 8-MTS 810 from FEUP. 
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3.2 FDM printing machine 
The FDM printing machine used to print the specimens for this project is the Mark One 
Composite 3D Printer™ (Figure 9) from the company Markforged [29]. Markforged was 
founded in 2013 in Cambridge, United States. The company designs, develops and 
manufactures 3D printers and offers nylon, carbon fiber, fiberglass and PLA filaments. It is one 
of the first companies to develop FDM technology printers capable of reinforcing the polymers 
by adding carbon fibers, glass fibers or Kevlar fibers. The Mark One has two printing nozzles, 
one for printing the matrix polymer and the other for printing the fibers to reinforce the samples. 
The two nozzles are used alternatively, each layer is printed by one nozzle and one material. 
The printing temperature is around 230ºC for Nylon material and fibers which is the default 
setting of the printer. The Mark One printer uses the Composite Filament Fabrication (CFF) 
technology. Recently, the Markforged released the Mark Two in which the company improved 
some characteristics of the Mark One and has more options while printing. For instance, the 
Mark Two has 40% faster fiber printing process, the option of isometric fill for carbon fiber 
filling and the ability to reinforce features 15 times smaller [29].  
As shown Figure 9, the main parts of the printer are: the print bed which can move in x-y-z 
axis, 2 extruders, the fiber filament supplier, the controller of the extruders and the screen.  
 
Figure 9-The Mark One Composite 3D Printer™ [29].  
 
The Mark One Printer used for this project belongs to the AM laboratory of INEGI. The 
datasheet of Mark One provided by Markforged is resumed in the following Table 8.  
 
 
 
Print bed 
Screen  
Extruders and controller 
Fiber Filaments  
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Table 8-Datasheet of the Mark One Composite 3D Printer™ [29]. 
Datasheet Mark One Composite 3D Printer 
Technology  Composite Filament Fabrication (CFF) 
Build Size  320mm x 132mm x 154mm (X,Y,Z) 
Material Compatibility Nylon, Carbon Fiber, Fiberglass, Kevlar○R 
Highest Layer Resolution FFF=0,1mm; CFF=0,2mm 
Extruders Dual Quick Change 
Filaments Matrix; 1.75mm; Fiber: 0.3mm 
Datasheet Mark One Composite 3D Printer 
Size of the printer  575mm L x 322mm W x 360mm H 
Software/supported files Eiger / STL 
 
 
The software used to print at the Markforged printers is Eiger [55]. The connection between the 
printer and a computer can be wireless. This feature makes the printing work much easier. The 
software Eiger is user-friendly and easy to be managed for starters. The interface of Eiger is 
clear and shows the part reference for platform size and make the general settings (Figure 10). 
 
Figure 10-Part View Interface of Eiger. 
The general settings for the printing include: the scale, the position, the material, the fiber 
material, the fiber fill type, some setting in terms of the fiber layers such as the fill pattern and 
the fill density. Moreover there are settings in terms of the matrix material layers such as the 
roof and floor layers and the wall layers. There are also other advanced settings to get more 
printing options. 
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The Eiger interface can be separated in two views, on the one side, there is the part view with 
the general settings and the other is the internal view of the part dedicated to optimize the 
internal structure of the part. The internal view helps to adapt the internal fills on a layer by 
layer basis. The fibers can be printed at the selected layer and the preview of final printing is 
shown. Figure 11 shows the internal view of the tensile test specimen with 4 layers of fibers.   
 
Figure 11-Internal View Interface of Eiger. 
3.3 Materials 
The materials used for this project are the nylon and the carbon fibers, both from Markforged. 
The printer Mark One is only able to print nylon as the matrix polymer and three fibers (Glass 
fibers, Carbon fibers and Kevlar) as reinforcement. Both nylon and carbon fibers are used in 
filaments.  
Nylon is stronger, more flexible and more durable than ABS and PLA as mentioned in the 
previous chapter. This material is promising due to its characteristics and its applications in the 
industry. The datasheets of the Nylon MF and Carbon Fiber MF are summed up in Table 9. 
 
Table 9-Datasheet of Nylon MF and Carbon MF [Annex A].  
Material Properties Method Nylon MF 
Carbon 
Fiber MF 
Tensile Strength (MPa) ASTM D3039 56 700 
Tensile modulus (GPa) ASTM D3039 0,38 50 
Tensile Strain at Break (%) ASTM D3039 >50 1.5 
Flexural Strength (MPa) ASTM D790 No Break 470 
Flexural Modulus (GPa) ASTM D790 0,4 48 
Flexural Strain at Break (%) ASTM D790 No Break 1.2 
Heat deflection temperature 
(HDT) (ºC)  
ASTM D648 44-50 105 
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However, at the beginning of the project, it has proposed to use a cheaper brand of nylon which 
is not Markforged brand to print. The printer used was going to be RepRap printer which is an 
open-source low cost 3D printer. In addition, nylon filament impregnated with 20% of short 
carbon fibers was also another material proposal for the experimental part. This impregnated 
nylon is provided in filament rolls by the supplier. These two options mentioned had been 
considered in order to get a better comparison for this study. At the end, only the MF Nylon 
and Carbon fiber were used in this project and two other materials mentioned before will used 
in future research. 
3.4 Specimens preparation 
The main objective of this project is to obtain the mechanical characterization of the printed 
specimens. The specimens can be divided into two groups: pure nylon specimens and nylon 
reinforced with carbon. Both nylon and nylon reinforced specimens will be printed in the 
exactly the same ISO dimension. Therefore, the results of both groups can be compared.  
The types of the printing specimens are selected after deciding the experimental tests and the 
mechanical properties. At the beginning the proposal of the tests which was going to do were 
tensile test, 3-point bending test (flexural test), Charpy impact test, density and optical 
microscopy. Table 10 shows the specimens printed for this project. 
Table 10-Final Experimental Plan.  
   Number of Specimens 
Tests ISO Standard Nylon MF Nylon MF + Carbon Fiber MF 
Tensile (dog-bone shape) ISO 527-2 6 6 
3-point bending ISO 178 6 6 
Charpy ISO 179 6 -1 
Nº of specimens  18 12 
 
All specimens are printed using the same printer. The printer provides several printing 
parameters. The printing pattern is better in +45º/-45º as reviewed before in the chapter of state 
of art. This pattern makes the specimen more isotropic [52]. The specimens will be printed with 
100% density. F. Van der Klift et al. (2016) [56] have already done a similar research using 
The Mark One printer basing on this article some of the parameter settings of this project are 
learnt from here. In the following paragraphs, the printing procedures will be explained in more 
detail.  
                                                 
1 The Mark One printer was not able to print with carbon fibers due to the dimension was small. More details will 
be explained in the following paragraphs.  
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Nylon MF Specimens  
Firstly, the geometry of the specimen is obtained in a CAD file. Secondly, the CAD file is 
converted into STL file. The STL file is imported into the Eiger Software. At the part view of 
the sample, there are general options for printing it. In the case of pure nylon samples, there is 
no need to add the fiber option, neither opening the internal view of the sample. The general 
setting for printing the tensile part and the flexural part is the same and it is shown in Table 11. 
The dimension of the tensile part is 150 x 20 x 4 mm, but the actual section for testing is 
10x4mm (Figure 6). The dimension of the first version of flexural part is 80 x 10 x 4mm2.  
Table 11-Setting options to print Nylon specimen.  
Setting option for Nylon 
specimen 
Value 
Layer height 0,2 mm 
Fill Density 100% 
Fill Pattern Triangular Fill   
Roof and Floor Layers  10 
Wall Layer  2 
Others  Use Brim (Tensile Parts)  
 
The Mark One printer has its limitation while printing. The aim is to print the specimen with 
100% density of pure nylon in 45º pattern, which means one layer printing 45º and the next 
layer -45º. Although the fill density is 100%, the triangular fill (Figure 16) cannot fill 100% 
material to the specimen. As roof and floor layers are printed in 45º and with full density, the 
roof and floor layers have been set to 10 layers in order to get 20 layers filled fully with +45/-
45º pattern. The total height of the two parts is 4mm, as each layer is 0,2mm high, the total 
layers of the part will be 20 layers where 10 will be the roof layers and other 10 will be floor 
layers. As a consequence, the triangular fill setting is not affecting the printing. The use of the 
brim is to avoid the warping problem of nylon as the first printed specimens presented warping 
problem. Since nylon is a material which is easy to warp with high temperature, while printing 
the difference of the temperature of each layer can lead to warp, for this reason the use of the 
brim is necessary avoid this problem. Before starting to print, it is important to apply glue on 
the printing bed so as to fix the nylon on the bed. Figure 12 shows the three nylon tensile 
specimens with brims. Figure 13 shows the Mark One printing the six first version flexural 
                                                 
2 Due to the printing limitation to print fibers with this dimension, the dimension of the flexural part has been 
changed to fulfill the printing requirement which will be explained in detail later.  
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specimens. Moreover, it has also printed six specimens of Charpy impact specimens which have 
the dimension 50 x 6 x 4 mm (Figure 14).  
 
Figure 12-Nylon Tensile Specimens printed by Mark One.  
 
Figure 13-The Mark One printing Flexural specimens.  
 
Figure 14-The Mark One printing Nylon Charpy impact specimens.  
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Nylon reinforced with Carbon Fibers specimens  
The same as the case before, the CAD file of the ISO specimens are converted into STL files 
and imported into Eiger afterwards. Once imported in Eiger, at the interface of the part view 
(Figure 10), the general settings can be done to fill the carbon fibers. Table 12 shows the setting 
to print carbon fiber reinforced tensile nylon specimen.   
Table 12-Setting options to print Carbon fiber reinforced Nylon specimen.  
Setting for Nylon Matrix Value 
Layer height 0,125 mm 
Fill Density 100% 
Fill Pattern Triangular Fill   
Roof and Floor Layers  10 
Wall Layer  2 
Others  Use Brim  
Settings for Carbon Fiber 
Reinforcement 
Value 
Fiber Fill Type Concentric Fiber3 
Fiber Layers  4 
Concentric Fiber Rings  34 
 
In the case of tensile specimen, the matrix setting is almost the same as the case before except 
the layer height which is 0,125mm as this is the fibers maximum height.  As a result, the total 
layer for the 4mm height specimen is 32 layers instead of 20 layers as the previous case. In this 
32 layers, 20 layers are printed as roof and floor layers (printed in 45º full density) and the rest 
of the layers are printed in the triangular fill pattern (Figure 16). For the setting of the fibers, it 
has been selected the concentric fiber option because the Mark One printer only allows this 
option for carbon fibers. However, the Mark Two printer [57] allows the isotropic fiber option 
for the carbon fiber which is better to get isotropic characteristic for the reinforced part. In this 
case, using the Mark One and concentric printing option, the prediction is that the test result of 
the final part will not be optimum as desired. Moreover, due to the small width (20mm) of the 
center part of the specimen, the maximum number of the concentric fiber rings are 3.  And the 
number of the fiber layer selected is 4 which is not too much but enough to see whether there 
                                                 
3 Among the options “Concentric Fiber” and “Isotropic Fiber”, the Mark One only has the option “Concentric 
Fiber” for Carbon Fibers.  
4 Due to the width of the specimen is the maximum concentric fiber rings in this case is 3.  
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will be any effect on the final reinforced parts. The 4 fiber layers are situated at the layer 11, 
12, 21 and 22 as shows Figure 15 at the lower part of the figure, the blue part is the fiber layers. 
In this internal view, it can be seen the geometry that the fiber has been printed. It is shown in 
2D but it is also possible to see in 3D the distribution of the fiber layers. Figure 17 shows the 
Mark One printing the six carbon reinforced tensile specimens.  
 
Figure 15-Internal view of the carbon reinforced Nylon tensile specimen in 2D.   
 
Figure 16-Triangular Fill Pattern.  
 
Figure 17-The Mark One printing carbon reinforced Nylon tensile specimens.  
In the case of flexural specimen, there were some problems while printing with fibers. The 
dimension of the specimen was 80 x 10 x 4 mm, the problem was that the width of 10mm was 
not wide enough to add concentric fiber rings. The Eiger software was failing to fill fibers. Due 
to this problem, the dimension of the flexural part was changed to a bigger size but with the 
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same ISO standard. The final dimension of the flexural part is 120 x 15 x 6 mm (Figure 7). 
After using this dimension the software Eiger was able to fill the concentric fibers inside the 
part. As a consequence, the six pure nylon flexural specimens printed previously should be 
printed again with new dimensions in order to compare the test results between nylon specimens 
and carbon reinforced specimens. The settings to print the six pure nylon flexural specimens 
are the same as shown in Table 11. Figure 18 shows the internal view of the carbon reinforced 
nylon flexural specimen. As the layer height is 0,125mm and the total height of the specimen 
is 6mm, there are 48 layers in total where layers 11, 12, 37 and 38 are the ones with carbon 
fiber. Figure 19 shows the Mark One printing the six carbon reinforced flexural specimens.  
 
Figure 18-Internal view of the carbon reinforced Nylon flexural specimen in 2D.  
 
Figure 19-The Mark One printing carbon reinforced Nylon flexural specimens.  
In the case of reinforced Charpy impact specimens, it happened the same as for the flexural 
parts. The width of the specimen was not enough to fill the carbon fibers using concentric fill. 
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According to ISO 179, there are no bigger enough dimension of the Charpy impact specimens. 
Also due to the time limitation, there was no time to change the ISO and restarted the printing 
from the beginning, therefore the Charpy impact tests were not able to be fulfilled at the end. 
For future work, one of the solutions could be machine small parts from a large sample printed 
with carbon fiber reinforcement. Figure 20 shows all the tensile specimens printed to be tested. 
Each specimen has a central line and two side lines at 25mm each side of the central line. The 
strain gauge will be situated at these two side lines in order to measure the elongation of the 
specimens while making the tensile test using MTS 810 (Figure 8). Figure 21 shows the final 
printed 12 flexural specimens before testing.  
 
 
Figure 20-Nylon and Carbon reinforced Tensile specimens.  
 
Figure 21-Nylon and Carbon reinforced Flexural specimens. 
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4 Results and Discussion 
The current project involved mechanical characterization of 3D printed pure nylon and carbon 
reinforced nylon specimens so as to compare the mechanical properties improvement due to the 
reinforcement. In order to obtain comparable data, all tensile specimens and flexural specimens 
were produced according to the same ISO standard as shown previously. The purpose of this 
research is to analyse the dimensional accuracy and the mechanical properties of the 3D printed 
specimens. The mechanical properties can be obtained from two tests, the tensile test and the 
three point bending test.  
In the following sections, the results from dimensional inspection, tensile test and flexural test 
will be explained in detail.  
4.1 Dimensional Inspection 
Firstly, after printing the 3D specimens, the weight and the dimension of the specimens were 
measured in order to obtain the dimensional accuracy of the FDM technology.  
For each specimen, it was measured the length, the width and the thickness in 3 different 
positions. This is because the geometry of the specimen might be irregular along the surface 
and surfer warping problems. The weight was also measured 3 times in each specimen. At the 
end, two average calculations have been done: the average of the 3 measurements for each 
specimens and the average of the six specimens for each measurement (length, width and 
thickness). The measurement was done using a manual version of Vernier caliper with 0,01mm 
precision and a digital scale with 0,01g precision. Moreover, the standard deviation has been 
calculated in order to know how much the data spreads from the average.  
a) Nylon Tensile specimens 
The six tensile nylon specimens were printed first. The weight of the specimens are presented 
in Table 13. Nylon is a material which absorbs humidity, when the time passed by it absorbs 
more humidity and gains weight, each day the measurement will change a little bit. The 
specimens were saved in a dry plastic bag to minimize as much as possible the humidity 
absorption so as not to affect too much the mechanical properties of the specimens. As it can 
be seen, the weight of the 3 first specimens are slightly higher than the last 3 specimens, it is 
because the 3 first specimens are printed 1 day before the measurement and the last 3 specimens 
were measured the same day. The first 3 specimens have already absorbed some humidity. The 
standard deviation is 0.21, which is quite low deviation of the weight.  
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Table 14 shows the dimension inspection of the six specimens. It has been measured the length, 
the central width (10mm) and the thickness, the designed dimension is shown Figure 6. It is 
observed that among all specimens the standard deviation is between 0.1 and 0.3 for length, 
width and thickness measurement. This proved out the low variability of the printing machine. 
The mean values of the dimensional inspection are: 149.92mm length with 0.05% relative error, 
10.02mm width with 0.2% and 4.19mm thickness with 4.5%. The thickness is the dimension 
which differs more from the designed value comparing with length and width. This might due 
to the filament thickness for each layer didn’t have the exact the same value.  
Table 13-Weight of Nylon Tensile specimens.  
Nylon Tensile Specimen 
Part  
Weight (g) 
Wt1 Wt2 Wt3 WtM StD 
1 8,95 8,96 8,96 8,96 0,00 
2 9,00 9,00 9,00 9,00 0,00 
3 8,94 8,95 8,94 8,94 0,00 
4 8,65 8,65 8,65 8,65 0,00 
5 8,41 8,41 8,41 8,41 0,00 
6 8,69 8,69 8,70 8,69 0,00 
 Average Weight 8,78  
 St. Deviation 0,21  
 
Table 14-Dimensional Inspection of  Nylon Tensile specimens. 
Nylon Tensile Specimens           
Part  
Length (mm)  Width (mm)   Thickness (mm) 
L1 L2 L3 LM StD W1 W2 W3 WM StD T1 T2 T3 TW StD 
1 149,90 149,91 149,88 149,90 0,01 10,01 10,03 10,02 10,02 0,01 4,17 4,20 4,21 4,19 0,02 
2 149,93 149,91 149,91 149,92 0,01 10,03 10,03 10,03 10,03 0,00 4,20 4,21 4,22 4,21 0,01 
3 149,96 149,94 149,94 149,95 0,01 10,04 10,05 10,06 10,05 0,01 4,20 4,19 4,21 4,20 0,01 
4 149,90 149,92 149,92 149,91 0,01 10,01 10,03 10,01 10,02 0,01 4,20 4,18 4,16 4,18 0,02 
5 149,90 149,91 149,92 149,91 0,01 10,02 10,02 10,02 10,02 0,00 4,12 4,18 4,15 4,15 0,02 
6 149,91 149,93 149,91 149,92 0,01 10,01 10,01 10,01 10,01 0,00 4,21 4,31 4,18 4,23 0,06 
 Average Length 149,92  Average Width 10,02  Average Thickness 4,19  
 St.Deviation 0,02  St. Deviation 0,01  St.Devition 0,03  
 
b) Nylon tensile carbon reinforced specimens 
Table 15 shows the weight of the carbon reinforced nylon specimens. According to Eiger 
software the volume calculates of the carbon fiber is 4.6% of the total specimen volume. As it 
has been noted, adding 4.6% of carbon fiber increases the weight 2%, which is not a significant 
increase. This has been a good news as the objectives were to improve mechanical properties 
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without increasing so much the weight of the composite. In this case, the standard variation of 
the weight is lower than the results about pure nylon. The variation is lower might because that 
the six specimens were printed at the same time and have been saved in the same condition. As 
a consequence, the specimens absorbed more or less the same quantity of humidity. This 
confirms that the Markforged printer printed the parts with low deviation which points out the 
high accuracy of the printing machine.  
On the other side the dimensional inspections also shows low deviation, from 0.01 to 0.05%. 
The relative error for length, width and thickness, relatively to the designed value is 0.5%, 0.4% 
and 3.25% respectively. As can be seen, the thickness has more variation comparing with the 
others measurements (Table 16).  
Table 15-Weight of Nylon tensile carbon reinforced specimens. 
Tensile Specimen Nylon + Carbon Fibers 
Part  
Weight (g) 
Wt1 Wt2 Wt3 WtM StD 
1 9,06 9,06 9,06 9,06 0,00 
2 8,89 8,88 8,89 8,89 0,00 
3 9,00 9,00 9,00 9,00 0,00 
4 8,98 8,98 8,98 8,98 0,00 
5 8,93 8,94 8,93 8,93 0,00 
6 8,92 8,92 8,92 8,92 0,00 
 Average Weight 8,96  
 St. Deviation 0,06  
 
Table 16-Dimensional Inspection of Nylon Tensile carbon reinforced specimens.  
Tensile Specimens Nylon+ MF Carbon Fibers          
Part  
Length (mm) Width (mm)   Thickness (mm) 
L1 L2 L3 LM StD W1 W2 W3 WM StD T1 T2 T3 TW StD 
1 150,1 150,1 150,1 150,11 0,01 10,09 10,11 10,08 10,09 0,01 4,12 4,19 4,13 4,15 0,03 
2 150,1 150,1 150,1 150,11 0,00 10,09 10,13 10,10 10,11 0,02 4,12 4,19 4,11 4,14 0,04 
3 150,1 150,1 150,0 150,07 0,05 10,03 10,01 10,01 10,02 0,01 4,11 4,10 4,19 4,13 0,04 
4 150,1 150,1 150,2 150,13 0,02 10,02 9,98 10,01 10,00 0,02 4,11 4,12 4,18 4,14 0,03 
5 150,0 150,0 150,0 149,99 0,02 10,01 9,99 10,01 10,00 0,01 4,12 4,14 4,11 4,12 0,01 
6 150,1 150,0 150,0 150,04 0,03 10,02 10,05 10,01 10,03 0,02 4,10 4,11 4,13 4,11 0,01 
 Average Length 150,07  Average Width 10,04  Average Thickness 4,13  
 St. Deviation 0,05  St. Deviation 0,04  St. Deviation 0,01  
 
c) Nylon Flexural specimens. 
Table 17 shows the weight of the flexural nylon specimens, the standard deviation of all 
specimens is low, with 0.07%. Table 18 shows the dimensional inspection of the flexural part. 
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In this case, the length was measured using a Vernier caliper as all the cases before despite the 
measurements of width and thickness have been done by technician in laboratory of mechanical 
testing in INEGI. The relative error of length, width and thickness respect the designed value 
are 0.08%, 0.27% and 0.17% respectively (Table 18). 
Table 17-Weight of Nylon Flexural specimens. 
Nylon Flexural Specimens 
Part  
Weight (g) 
Wt1 Wt2 Wt3 WtM StD 
1 9,99 9,99 9,99 9,99 0,00 
2 9,86 9,86 9,86 9,86 0,00 
3 9,85 9,86 9,86 9,86 0,00 
4 9,79 9,79 9,79 9,79 0,00 
5 9,93 9,93 9,94 9,93 0,00 
6 9,83 9,82 9,82 9,82 0,00 
 Average Weight 9,88  
 St. Deviation 0,07  
 
Table 18-Dimensional Inspection of Nylon Flexural Specimens. 
Nylon Flexural Specimens           
Part  
Length (mm) Width (mm) Thickness (mm) 
L1 L2 L3 LM StD W1 W2 W3 WM StD T1 T2 T3 TW StD 
1 119,79 119,81 119,90 119,83 0,05 15,30 15,24 15,17 15,24 0,05 6,03 6,05 6,04 6,04 0,01 
2 119,97 120,01 120,08 120,02 0,05 14,97 15,01 15,03 15,00 0,02 5,99 5,92 5,96 5,96 0,03 
3 119,90 119,90 120,00 119,93 0,05 14,81 14,93 14,87 14,87 0,05 6,04 6,05 6,02 6,04 0,01 
4 119,70 119,90 119,70 119,77 0,09 15,39 15,33 15,16 15,29 0,10 5,97 5,82 6,01 5,93 0,08 
5 119,80 119,80 119,99 119,86 0,09 14,92 14,83 14,95 14,90 0,05 6,01 6,06 6,06 6,04 0,02 
6 120,10 119,90 120,10 120,03 0,09 14,91 14,96 14,98 14,95 0,03 6,03 6,04 6,06 6,04 0,01 
 Average Length 119,91  Average Width 15,04  Average Thickness 6,01  
 St. Deviation 0,10  St. Deviation 0,16  St. Deviation 0,05  
 
d) Flexural Nylon carbon reinforced specimens. 
Table 19 shows the weight of the flexural carbon reinforced nylon specimens. The mean weight 
is 10.76g which is 8.9% of increase respect the nylon flexural specimens. The Eiger software 
indicates that the volume of the carbon fiber is 3% of the total specimen volume. The increase 
of the weight is higher than the tensile parts despite the percentage of carbon fiber volume is 
less than in tensile parts. The weight has been measured the same day as they have been printed 
so the specimens didn’t absorbed humidity at that moment. With these numbers of samples are 
not enough to make good statistic study, maybe using 10 to 20 samples can see whether there 
is any proportional relation between volume percentage and the weight gain.  
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The length is measured as the case before while width and thickness are measured in the 
laboratory of INEGI. The relative error of length, width and thickness are 0.08%, 0.47% and 
1.50% respectively. The error of width and thickness in this case is 0.20% and 1.33% higher 
than with the nylon specimens (Table 20).  
Table 19-Weight of Flexural Nylon carbon reinforced specimens. 
Flexural Specimens Nylon + Carbon Fibers 
Part  
Weight (g) 
Wt1 Wt2 Wt3 WtM StD 
1 10,63 10,63 10,63 10,63 0,00 
2 10,81 10,81 10,81 10,81 0,00 
3 10,79 10,79 10,79 10,79 0,00 
4 10,73 10,73 10,73 10,73 0,00 
5 10,76 10,76 10,76 10,76 0,00 
6 10,82 10,83 10,83 10,83 0,00 
 Average Weight 10,76  
 St. Deviation 0,07  
 
Table 20-Dimensional Inspection of Flexural carbon reinforced Nylon specimens.  
Flexural Specimens Nylon+ MF Carbon Fibers          
Part  
Length (mm) Width (mm) Thickness (mm) 
L1 L2 L3 LM StD W1 W2 W3 WM StD T1 T2 T3 TW StD 
1 119,90 120,10 119,90 119,97 0,09 15,18 15,01 15,20 15,13 0,09 6,02 6,08 6,07 6,06 0,03 
2 119,90 120,10 119,90 119,97 0,09 14,82 14,88 14,93 14,88 0,04 6,12 6,11 6,09 6,11 0,01 
3 119,80 119,90 119,90 119,87 0,05 14,87 14,82 14,80 14,83 0,03 6,10 6,12 6,13 6,12 0,01 
4 119,80 119,80 119,70 119,77 0,05 14,97 14,93 14,95 14,95 0,02 6,06 6,08 6,08 6,07 0,01 
5 119,90 119,90 119,80 119,87 0,05 14,90 14,89 14,90 14,90 0,00 6,13 6,08 6,09 6,10 0,02 
6 120,10 120,00 119,90 120,00 0,08 14,88 14,89 14,85 14,87 0,02 6,09 6,10 6,12 6,10 0,01 
 Average Length 119,91  Average Width 14,93  Average Thickness 6,09  
 St. Deviation 0,08  St. Deviation 0,10  St. Deviation 0,02  
 
As shown above, the results are overall accurate with low error and variability. With only these 
specimens is difficult to conclude, but it should be considered the influences of certain 
parameters which leads to error, such as human measurement errors, different calipers 
calibration is not the same, the humidity absorption and warping problem of the nylon. D. 
Dimitrov et al. (2006) [58] researched in the accuracy of three dimensional printing and found 
out that one of the factors that can influence the dimensional accuracy is the magnitude of the 
nominal dimension. Depending on the nominal dimension the error could be bigger or smaller. 
Moreover, the 3D printer axis, layer thickness also could be responsible for the particular 
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dimension error [58, 59]. Overall the final dimension of FDM parts are generally more accurate 
than other manufacturing processes.  
4.2 Tensile test results and discussion 
The tensile test was done in the laboratory of FEUP using MTS 810 machine (Figure 8). The 
test was done following the ISO standard 527-2. Nylon specimens were tested on one day while 
the carbon reinforced nylon specimens were tested one day after under similar laboratory 
conditions (17º and 68% relative humidity). In the following section the results will be exposed 
in detail.  
a) Tensile Nylon Specimens. 
According to ISO 527-2 there are several testing speeds, from 1mm/min to 500mm/min. The 
first specimen’s testing speed was set at 2mm/min, the test took 21 minutes to reach the 
maximum force value and start decreasing the force. As nylon is a very flexible and malleable 
polymer, it can be deformed as much as possible without breaking. In order to shorten the 
testing time, from the second specimens the testing speed was increased to 10mm/min. Due to 
the testing condition difference, the first specimen hasn’t be presented in the results. The 
average value of the all properties were calculated based on 5 specimens (from specimen Nº 2 
to Nº 6).  As the nylon specimens didn’t reach to break, the criteria followed to finish the tests 
was the time when the force applies started to decrease after reaching the maximum force. In 
view of using 10mm/min speed, each test took more or less 2.5 minutes to reach the maximum 
force. The data obtained from the test are the force in N applied on the specimen and the strain 
measured by strain gauge in mm/mm. In order to obtain the stress and strain curve, the data was 
post-processed. The stress is calculated dividing the force by the section of the specimen which 
is 40mm2. The strain in percentage was obtained multiplying the strain in mm/mm to 100. After 
obtaining the Stress-Strain Diagram (Figure 22), some mechanical properties were obtained. 
These properties are tensile strength, Young modulus and the strain at break. These properties 
are calculated according to the equations provided in ISO 527-2. The final results of the 5 
specimens are shown in Table 21.  
The tests results are not directly comparable with the datasheet of the Markforged materials 
(Table 9) as the testing standard are not the same, but the values from datasheet can be a 
reference. The mean value of the Tensile strength is lower comparing with the datasheet of 
Markforged materials and Stratasys Nylon (Table 4). This could happen due to the printing 
parameters such as the printing direction, printing temperature, printing velocity and the 
chamber condition etc. Although the results obtained were lower than the values provided by 
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datasheet, these results were as expected due to the influences mentioned before. For instance, 
the absorption of humidity might influence in the mechanical properties of the specimens and 
make it less stiff. As can be seen in Figure 22, the strain of all 5 the specimens are between 40% 
and 55% after reaching the maximum tensile stress. The Young Modulus results obtained have 
the similar magnitude as the one in Table 4. Figure 23 shows the medium stress-strain diagram 
in terms of the results from the 5 specimens where can be seen that the maximum tensile 
strength is around 32 MPa and the strain is higher than 40%. The curve shows at the end a 
straight line that continues deforming and extending. It is supposed that the specimens will 
decrease the stress drastically when the nylon from each layer lose the adherence. However, 
this will due to the 3D printing patterns which will cause the detachment of the filaments.  After 
all the tests, the results of the nylon specimens are used to be a reference so as to be compared 
with the carbon reinforced nylon specimens and see the improvements.  
Table 21-Tensile Test Results of Nylon specimens. 
Tensile Test Nylon    
Part 
Tensile Strength 
(MPa) 
Young Modulus 
(GPa) 
Strain at break 
(%) 
1 x x x 
2 32,10 1,15 No Break 
3 34,10 1,14 No Break 
4 32,42 1,10 No Break 
5 32,47 1,06 No Break 
6 32,13 1,12 No Break 
Average 32,65 1,11 No Break 
 
 
Figure 22-Tensile Stress-Strain Diagram of Nylon specimens. 
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Figure 23-Medium Tensile Stress-Strain Diagram with Nylon specimens.  
 
b) Tenile Carbon Reinforced Nylon Specimens. 
The tests of the carbon reinforced nylon specimens were done in the same testing speed, 
10mm/min. The calculation of the tensile strength, Young modulus and strain at break are the 
same as the previous case according to the ISO527-2. The specimens tested contained 4.6% of 
carbon fibers, printed along the contour of the specimen (Figure 20). 
All the specimens were broken at the beginning due to the carbon fiber which makes the 
specimens more fragile. The specimens presented fragile characteristics as can be seen in Table 
22, the strain at break is 1.1% which is really low, the specimen just broke when it started to 
extend. Figure 25 also shows the fragility of the specimens, the shape of the diagram shows just 
the plastic deformation of the specimens which leads to the fracture. The first specimen was 
broken at the clamping part where is the part the fibers curved to follow the section change of 
the specimen. This section changing part made the specimen fragile and all the tension were 
accumulated in this clamping zone and broke the specimen. The second specimen was broken 
at the same place where the clamping part. The two specimens broke the carbon fibers which 
were inside the nylon layers. For the third specimen, it is tried to put the upper clamp and the 
lower clamp closer clamping part of the useful section in order to avoid the section changing 
part. The result was the same, the specimen broke where the clamp was. The clamps made the 
clamping part more fragile and easy to be broken. Considering these fractures, a new solution 
was suggested to strengthen the clamping part for the fourth specimen. The solution consisted 
of gluing 4 metallic plates on the clamping part of the specimen in order to strengthen it (Figure 
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24). On the one side of the clamp the metallic plates were not glued well and with the force of 
the testing machine the metallic plates were separated from the specimens. At the end the 
specimen was broken at the side where the plates were not well-glued. The results of the Nº4 
specimen shows the lowest tensile strength and strain values. The Nº5 specimen was tested 
without any metallic plate reinforcement and the specimen was broken in the middle which was 
the first case after testing 4 specimens. The specimen has the highest value of tensile strength 
and strain at break. Moreover, the last specimen was broken the same way as the first 4 
specimens at the clamping part. All the fracture of the specimens were due to the carbon fiber, 
the nylon was not performing to avoid the brittleness. Some pictures below taken by optical 
microscopy are showing the fracture of the specimens, a more detailed analysis will be done 
afterwards.  
Comparing the results of Table 22 compared and Table 21, it can be observed that the tensile 
strength has been increased 87.7% and the Young modulus 440%. The increasing of the tensile 
strength and Young modulus are really significant, however the strain at break decreased around 
97%. The carbon reinforced specimens lost all the flexible and malleable characteristics and 
converted into harder and more fragile composite. N. G. Karsli et al. (2013) [60] did a similar 
study with carbon fiber reinforced PA6 composites. Their study consists of comparing results 
of carbon reinforced polymer by varying the carbon fiber content and length. The results of the 
specimens containing 4% to 5% carbon fiber are similar to results from this project which is 
around 50 to 60 MPa. Moreover the study also shows that between 2% and 10% carbon fiber 
content there is no significant increasing of the tensile strength and when the content of carbon 
fiber increases to 22% then the tensile strength increase significantly to almost 90 MPa [60]. 
The comparison shows that the results obtained are in a similar range of values than other 
studies. Figure 26 shows the medium stress-strain diagram where the tensile strength at break 
is 61 MPa and the strain at break at 1%. The diagram shows a straight line of the plastic 
deformation of the specimen where there was no elastic part. 
 
Figure 24-Tensile specimen with metallic plates.  
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Table 22-Tensile Test Results of Nylon and Carbon reinforced Nylon specimens.  
Tensile Nylon  Nylon+Carbon 
Fiber 
Nylon  Nylon+Carbon 
Fiber 
Nylon  Nylon+Carbon 
Fiber 
Part Tensile Strength (MPa) Young Modulus (GPa) Strain at break (%) 
1 x 62,80 x 6,06 x 1,10 
2 32,10 58,66 1,15 5,96 No Break 1,00 
3 34,10 56,98 1,14 6,36 No Break 1,22 
4 32,42 54,05 1,10 6,05 No Break 0,98 
5 32,47 68,29 1,06 6,08 No Break 1,23 
6 32,13 66,93 1,12 5,48 No Break 1,14 
Average  32,65 61,29 1,11 6,00 No Break 1,11 
 
Figure 25-Tensile Stress-Strain Diagram of carbon reinforced Nylon specimens. 
 
Figure 26-Medium Tensile Stress-Strain Diagram of carbon reinforced Nylon specimens. 
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Figure 27-Medium Stress-Strain Diagram for Nylon and Carbon fiber Reinforced Nylon. 
 
c) Optical Microscopy Analysis. 
In order to better observe the fractures, some pictures were taken by optical microscopy. Figure 
28 shows some of the pictures of the fractures. The Nº 1 and 2 show the fracture of the specimen 
Nº 1. The fracture was not a clean break, thus the filaments of carbon fibers was totally broken 
and nylon was deformed with partial fracture. The picture Nº3 shows the fracture of the 
specimen Nº2 which was similar to the first one, nylon was still stuck together while carbon 
fibers were broken. Pictures Nº 4 and 5 present the fracture of the specimen Nº 3. The fracture 
was located at the clamping point and the fracture was clean which split the specimen into 2 
pieces. In picture Nº5, it can be observed in detail the fracture of the carbon fiber is like a clean 
cut from a fragile material. Nº6 and 7 show the fracture of the specimen Nº 5 where can be seen 
a clean break. This fracture was situated at the middle of the specimen. Nylon didn’t present 
deformation, thus nylon presented characteristic as fragile material. Moreover, the layer of 
nylon and carbon fibers can be clearly differentiated. The last two pictures show the fracture of 
the specimen Nº6 where can be seen a partial fracture of the specimen. This fracture was on 
one side of the specimen, situated at the clamping point.  
As can be seen there are two types of fracture, one is a clean break for both carbon fibers and 
nylon, the other one is a partial fracture where carbon fibers are broken and nylon are deformed 
and still interlaced.  
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Figure 28-Optical Microscopy fracture pictures of tensile parts: 1, 2) Fracture of specimen 1; 3) Fracture of 
specimen 2; 4,5) Fracture of specimen 3; 6,7) Fracture of specimen 5; 8,9) Fracture of specimen 6.  
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4.3 Flexural test results and discussion  
The flexural test was a 3-point-bending test. This consists of 3 point of contact, the specimen is 
put on a 2 point support and another point of contact is the force applicator which will start 
pushing down the specimen. The test finishes when the applied force starts to decrease and 
significant deformation accurs. These flexural tests were done according to ISO standard 178, 
using a TIRA test 2705 machine of INEGI. All the tests were on the same day. In the following 
section the results will be exposed in detail.  
 
a) Flexural Nylon Specimens. 
Table 23 presents the final results of the 3-point bending test. The results of flexural strength 
and strain haven been already calculated. The flexural strength presented here is the maximum 
stress reached and the strain is at the maximum displacement, calculated in accordance to 
equation proposed in ISO 178. Figure 29 shows the flexural stress-strain diagram for the 6 
specimens and Figure 30 shows the medium curve of the stress-strain diagram. Comparing with 
the datasheet of the MF Nylon (Table 9), the experimental mean value of the flexural modulus 
is 0.54 GPa while the data from the datasheet is 0.4GPa, where the former one is slightly higher 
than the latter one. As in the datasheet shows the nylon specimens did not present any breaks. 
Moreover, the flexural strength of the MF Nylon is much lower than the Stratasys Nylon (Table 
4). This information is just for reference, the aim of having the results from these nylon 
specimens are to compare with carbon reinforced nylon specimens results.  
Table 23-Flexural Test Results of Nylon specimens. 
Flexural Test Nylon   
Part 
Flexural Strength  
(MPa) 
Flexural Modulus  
(GPa) 
Strain at Max 
displacement (%)  
1 21,26 0,58 11,38 
2 20,44 0,51 11,13 
3 21,12 0,58 11,56 
4 18,80 0,49 9,54 
5 19,31 0,52 14,21 
6 19,22 0,54 12,27 
Average  20,03 0,54 11,68 
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Figure 29-Flexural Stress-Strain Diagram of Nylon specimens.  
 
 
Figure 30-Medium Flexural Stress-Strain Diagram of Nylon specimens. 
 
b) Flexural Carbon Reinforced Nylon Specimens. 
Table 24 presents the results of the flexural test of carbon reinforced nylon specimens. All the 
results are calculated as in the previous case. As it can be seen the mean of flexural strength 
increased 111.5% from 20.03MPa to 42.36MPa which is a significant increase. The flexural 
modulus also increased 131.5% and the strain at flexural strength decreased 42.64%. Although 
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the carbon fiber volume content is 3% of the total volume, the improving results of the flexural 
strength and flexural modulus are really promising. There are no fracture observed from the 
specimens from simple eye inspection. The specimens are deformed, once the specimens started 
to deformed the forced applied by the machine decreased. Figure 31 can be observed the 
flexural stress-strain diagram of the carbon reinforced nylon specimens. The shape of the stress-
strain curve matches with a fragile material curve similar to the tensile one (Figure 25). The 
curve shows an elastic zone until the proportion limit which is around 33MPa and then the 
stress increases less entering in the plastic zone until arriving the maximum stress. Once 
achieving the maximum force, the force started to decrease and deformed the specimen.  This 
composite presents really stiff and hard characteristics which can put up with good flexion force. 
The decrease of the strain (42.64%) is not as much as the decrease in the tensile specimens 
which was 97%. The flexural carbon fiber specimens permits a little more deformation than the 
tensile specimens. One of the reason could be the carbon fibers distribution of the flexural part 
are more uniformed than in the tensile part (Figure 21). The printing of the carbon fibers are 
alongside the contour of the specimen and the geometry of the flexural specimen doesn’t have 
any change of the section. This provides a more uniform force distribution and the specimens 
are less fragile than the tensile specimens.  
Figure 32 shows the medium flexural stress-strain diagram of the carbon reinforced nylon 
specimens. The curve observed shows more brittleness than nylon specimen. The maximum 
flexural strength is around 42 MPa and the strain at flexural strength at that stress is almost 7%. 
At the beginning of the curve shows a clear elastic zone until this proportion limit at around 
30MPa and then the stress keep increasing until achieving the maximum stress. The results of 
the flexural tests are more promising then the tensile tests. As the specimens were not broken, 
there are no photos taken from optical microscopy.    
Table 24-Flexural Test Results of Nylon and carbon reinforced Nylon specimens. 
Flexural  Nylon Nylon+Caborn 
Fiber 
Nylon Nylon+Caborn 
Fiber 
Nylon Nylon+Caborn 
Fiber 
Part Flexural Strength (MPa) Flexural Modulus (GPa) Strain at Flexural Strength (%)  
1 21,26 42,86 0,58 1,25 11,38 7,06 
2 20,44 44,83 0,51 1,27 11,13 6,46 
3 21,12 40,45 0,58 1,28 11,56 5,15 
4 18,80 43,05 0,49 1,21 9,54 8,72 
5 19,31 43,50 0,52 1,24 14,21 7,92 
6 19,22 39,44 0,54 1,23 12,27 4,89 
Average  20,03 42,36 0,54 1,25 11,68 6,70 
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Figure 31-Flexural Stress-Strain Diagram of carbon reinforced Nylon specimens.  
 
 
Figure 32-Medium Flexural Stress-Strain Diagram of carbon reinforced Nylon specimens. 
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Figure 33-Medium Stress-Strain Flexural Diagram of Nylon and Carbon fiber reinforced Nylon.  
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5 Conclusions and Future Work 
FDM technology has been used more and more in making prototypes and functional parts. 
However, it has limitations on mechanical properties, generally the parts could not fulfilled the 
requirements for many functional prototypes. Therefore, one of the solution to improve these 
properties is to add fibers to reinforce the matrix material, making the part more resistant. In 
this project, some experiments were done to determine the improvement of the mechanical 
properties once added carbon fibers to nylon specimens.  
From the dimensional inspection, it can be seen that the dimensions of the specimens presented 
low error percentage, mostly under 1% of error except the thickness. Thickness is the dimension 
more difficult to control due to several printing parameters such as layer thickness, printing 
temperature and velocity. As nylon is a material that can present warping problem, this can 
make the dimensions vary more than other materials and be more difficult to control. The 
dimensional accuracy can be influenced by the magnitude of the nominal dimension and the 
responsible axis for printing that particular dimension, thus there can also exist other factors 
such as human measurement errors. Generally the specimens printed present high accuracy with 
low standard variability and errors, however the specimens were not enough to obtain a better 
conclusion. For future work, the dimensional inspection can be done with 10 to 20 specimens, 
with these results more accurate conclusions can be drawn more about the variety and errors.  
Furthermore, by means of the results obtained from tensile and flexural tests, it is observed the 
increase of the tensile strength, flexural strength, Young modulus and flexural modulus due to 
fiber addition. Despite the low percentage of the carbon fiber content (4.6% in tensile specimens 
and 3% in flexural specimens), the increase of the mechanical properties was significant, around 
88% and 112% for tensile strength and flexural strength respectively. The weight gained after 
adding carbon fiber was low (2% for tensile specimens and 8% for flexural specimens) and the 
improvement on strength and modulus was significant. However, the specimens turned to be 
more fragile and less flexible. The strain of the specimens decreased notably. All carbon 
reinforced tensile specimens fractured and most of them were broken at the change of section 
where the clamping was located. As the Mark One printer has its limitation, the pattern printed 
for carbon fiber was not isotropic and the tension is accumulated at that point. For this reason, 
the samples were easier to be broken. Maybe in the future, using the isotropic pattern (45º 
direction) from the Mark Two printer one can avoid this problem and distribute the force more 
uniformly. On the other side, the flexural reinforced specimens were not broken but deformed. 
The flexural reinforced specimens decreased 43% of strain while the tensile ones decreased 
97%. This might be due to the geometry of the specimens which have a constant section. 
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Although the flexural test results showed less decrease of strain and no breaks, one can still 
improve this by printing the isotropic fiber pattern. The isotropic pattern (45º direction) can 
significantly improve the properties. In addition, the experiments demonstrated that adding 
carbon fibres to nylon polymer matrix can improve the strength and modulus of the specimens 
but making them more fragile.   
For the future work it is interesting to print the carbon fibers in isotropic pattern and see the 
improvement by means of the printing direction. Moreover, the carbon fiber layer distribution 
can be modified so as to find out the optimal distribution throughout the layers with the best 
mechanical properties. Other experiments varying the matrix and fiber material and the fiber 
percentage can be done in future work so as to have more experiments to be compared. It will 
be interesting to print with other fibers that the Mark One provides in order to compare the 
results with carbon fiber. Also other mechanical tests such as impact test can be fulfilled to 
obtain more properties and analyse the results. Moreover, to determine the fiber content, 
burning the specimens and analyse the ashes will be a good solution to obtain the real fiber 
content. Furthermore, for future work it will be interesting to print different prototypes and test 
their functionality.  
In conclusion, carbon fiber reinforcement is a reliable solution which permits to improve the 
mechanical properties such as tensile strength, Young modulus, flexural strength and flexural 
modulus. Nevertheless, more future work should be done to increase the strain and make the 
specimens less fragile. FDM technologies is the future of the prototype manufacturing, it is 
believed that further research on this field will contribute to more intricate functional prototypes 
that can accomplish the mechanical requirements design.  
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ANNEX A:  Datasheet of Materials and Equipment 
 
 
Mechanical Properties
PRINT STRONGER
Property Test Standard Nylon FFF Carbon Fiber CFF Kevlar® CFF Fiberglass CFF
Tensile Strength (MPa) ASTM D3039 56 700 610 590
Tensile Modulus (GPa) ASTM D3039 0.38 50 26 20
Tensile Strain at Break (%) ASTM D3039 >50 1.5 5.5 5.5
Flexural Strength (MPa) ASTM D790 No Break 470 190 210
Flexural Modulus (GPa) ASTM D790 0.4 48 24 21
Flexural Strain at Break (%) ASTM D790 No Break 1.2 2.1 2.1
Compressive Strength (MPa) ASTM D6641 N/A 320 97 140
Compressive Modulus (GPa) ASTM D6641 N/A 50 26 20
Compressive Strain at Break (%) ASTM D6641 N/A 0.7 1.5 0.7
Heat Deflection Temperature (C°) ASTM D648 44-50 105 105 105
One part. 
Thousands of Continuous Fibers.
7mm x 3mm x 100mm 
3D Printed beam is packed with tens of thousands 
of full length, continuous carbon fiber strands.
Designed to print parts with the strength of metal, the Mark One Composite 3D 
Printer™ is the world’s first 3D printer capable of printing continuous carbon fiber, 
Kevlar®, and fiberglass. Using a patent pending Continuous Filament Fabrication 
(CFF™) print head along side a Fused Filament Fabrication (FFF) print head, the 
Mark One can create functional parts by combining our specially tuned nylon 
with continuous fiber filaments.
3D Print parts:
• With a higher strength-to-weight than 6061-T6 Aluminum.
• Up to 27x stiffer than ABS.
• Up to 24x stronger than ABS.
http://markforged.com 
printstronger@markforged.com
+1 617.666.1935
Dimensions and construction of test specimens
• Test plaques used in this data are fiber reinforced unidirectionally (0° Plies).
• Tensile test specimens: 9.8 in (L) x 0.5 in (H) x 0.048 in (W) (CF composites), 9.8 in (L) x 0.5 in (H) x 0.08 in (W) (GF and aramid composites), 
• Compressive test specimens: 5.5 in (L) x 0.5 in (H) x 0.085 in (W) (CF composites), 5.5 in (L) x 0.5 in (H) x 0.12 in (W) (aramid and GF composites)
• Flexural test specimens: 3-pt. Bending, 4.5 in (L) x 0.4 in (W) x 0.12 in (H)
• Heat-deflection temperature at 0.45 MPa, 66 psi (ASTM D648-07 Method B)
The Mark One Composite 3D Printer is capable of printing a wide variety of fiber reinforcement patterns creating both anisotropic and quasi-isotropic ply constructions. This data 
sheet gives reference and comparison material properties using one possible set of standards-compliant ASTM plaques printed with a production Mark One Composite 3D Printer. 
However, part and material performance will vary by ply design, part design, end-use conditions, test conditions, build conditions, and the like.
Tensile, Compressive, Strain at Break, and Heat Deflection Temperature data were provided by an accredited 3rd party test facility. Flexural data was prepared by MarkForged, Inc. 
The above specifications were met or exceeded.
This representative data was tested, measured, or calculated using standard methods and is subject to change without notice. MarkForged makes no warranties of any kind, 
express or implied, including, but not limited to, the warranties of merchantability, fitness for a particular use, or warranty against patent infringement; and assumes no liability in 
connection with the use of this information. The data listed here should not be used to establish design, quality control, or specification limits, and is not intended to substitute 
for your own testing to determine suitability for your particular application. Nothing in this sheet is to be construed as a license to operate under or a recommendation to infringe 
upon any intellectual property right.
Kevlar® is a registered trademark of DuPont E.I. du Pont de Nemours and Company or its affiliates.
© MarkForged, Inc. 2015. All rights reserved.
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The 858 Material Testing System is a cost-effective
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space, the 858 load unit can fit conveniently on an
existing laboratory bench, or sit on its own portable,
custom cart. While extremely compact, the 858
system provides a broad range of test enhancing
features, including:
 Force ranges from 5 kN (1.1 kip) to 25 kN (5.5 kip)
 A moderate performance range - see Performance
Curves on pages 24–27
 The ability to test lower strength materials
ranging from plastics to aluminum
 Accommodation of subsized to standard specimens
 The capability to perform tension, compression,
bend and fatigue tests; specialized tests for
biomedical and biomechanical testing; and
durability testing on small components
 Wide column spacing to accommodate larger
fixtures, environmental chambers and furnaces
Versatile, Configurable 810 
The 810 Material Testing System delivers a broad
array of testing capabilities for both low and high
force static and dynamic testing. By selecting from
a variety of force capacities, servovalve flow ratings,
pump capacities, software, and accessories, the
floor-standing 810 system can easily be configured
to meet your specific material or component test-
ing needs. The versatile 810 system features:  
 Force ranges from 25 kN
(5.5 kip) to 500 kN (110 kip)
 A wide performance range -
see Performance Curves on
pages 20–23
 The ability to test materials
ranging in strength from
plastics to aluminum, com-
posites and steel
 A large test space to accom-
modate standard, medium
and large size specimens,
grips, fixtures and environ-
mental subsystem 
 The capability to perform 
a wide variety of test types
from tensile to high cycle
fatigue, fracture mechanics,
and durability of components
8Components of the 810 System
Load Unit Assembly
A complete load frame assembly requires the
selection of the frame, actuator size, actuator
rod/load cell thread, and hydraulic service mani-
fold. The servovalve(s) and other options are
selected separately.
The 810 system employs MTS Model 318 load
unit assemblies that are force rated up to 500 kN.
This floor mounted frame has high axial and lateral
stiffness that improves test accuracy and system
performance. This load frame is available in a vari-
ety of sizes and can be easily configured for many
different applications. Please see Performance
Curves on page 20 for more details.
Crosshead mounted load cell provides an accu-
rate force reading for measurement and control.
The displacement transducer is integral to the
actuator for position measurement and control.
Other options such as crosshead mounted actu-
ators, actuator antirotate, hydrostatic bearing actu-
ators, and air isolator pads are available with the
318. Integral actuator design shortens the force
train providing higher lateral stiffness. Low fric-
tion actuator ensures the best possible test control
and resolution.
There are two hydraulic service manifold options
for the 318 Load Units. The 298.11 provides
OFF/ON pressure control while the 298.12 has
OFF/LOW/HIGH pressure control with a controlled
pressure transition to and from high pressure.
Load unit specifications
Model 318.10 318.25 318.50
Force capacity (maximum) 100 kN (22 kip) 250 kN (55 kip) 500 kN (110 kip)
Available actuator ratings               15, 25, 50, 100 kN                               100, 250 kN                                   250, 500 kN
(3.3, 5.5, 11, 22 kip)                               (22, 55 kip)                                   (55, 100 kip)
Vertical test space* (A) 1308 mm (51.5 in) 1625 mm (64 in) 2108 mm (83 in)
Working height (B) 889 mm (35 in) 889 mm (35 in) 889 mm (35 in)
Column spacing (C) 533 mm (21 in) 635 mm (25 in) 762 mm (30 in)
Column diameter (D) 64 mm (2.5 in) 76 mm (3 in) 102 mm (4 in)
Base width (E) 864 mm (34 in) 1003 mm (39.5 in) 1245 mm (49 in)
Base depth (F) 610 mm (24 in) 762 mm (30 in) 914 mm (36 in)
Diagonal Clearance (G) 2718 mm (107 in) 3251 mm (128 in) 3835 mm (151 in)
Overall Height (H) 2540 mm (100 in) 3023 mm (119 in) 3581 mm (141 in)
Stiffness† 2.6 x 108 N/m (1.5 x 106 lb/in) 4.3 x 108 N/m (2.4 x 106 lb/in) 7.5 x 108 N/m (4.3 x 1 106 lb/in)
Weight 500 kg (1100 lb) 910 kg (2000 lb) 1770 kg (3900 lb)
*Test space is the maximum distance between the load cell and the actuator with the actuator fully retracted. 
Optional extended height versions available, add 300 mm (12 inches) to pertinent dimensions.
†Determined at each load unit’s full fatigue rating with its crosshead raised 1270 mm (50 in.) above the base plate.
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9Crosshead
Designed for a high natural
frequency.
High stiffness for precise dis-
placement measurement and
increased dynamic performance.
Grips and fixtures 
(optional)
The largest variety of hydraulic
and mechanical grips and
loading fixtures are available
from MTS.
Grip controls
(optional)
Provide fingertip control of
hydraulic grips and clamping
pressure.
Columns
Solid steel for high stiffness and chrome plated for
long life and easy cleaning.
Precision machining maintains load unit alignment
over their entire length.
Alignment fixture
(optional)
Precise load train alignment in minutes. 
Force transducers
Strain gage design is accurate for both static and
dynamic testing.
Many force ratings are available to meet your
specific needs.
Load unit control module
Puts control of the hydraulic lifts and locks for repo-
sitioning the crosshead at a convenient location.
Emergency stop shuts off hydraulics.
Isolator pads
Dampen external vibrations.
Options for MTS 318 
Load Unit Assemblies
Air bag vibration isolators
Alignment adjustment fixtures
Extended length columns
Actuator stroke lengths
Test area guard
Crosshead actuator mounting
Hydrostatic actuator bearings
Actuator anti-rotate
Low force load transducers
Low force actuator/high stiff-
ness load unit combinations
Actuator rod bellows
Hydraulic lifts and locks
Allow easy repositioning of the crosshead and fast
crosshead locking/unlocking.
Hydraulic actuator
Integrally mounted in the base plate to shorten
the force train for increased stiffness, better side
load capability, and more accurate test results.
Available in a variety of force ratings and stroke
lengths.
Includes a co-axially mounted displacement
transducer for precision displacement control and
measurement.
Actuator manifold
Provides mounting for up to two servovalves of
equal or different sizes.
Mounted on the actuator for the highest possible
response and most accurate test control.
Available with close coupled accumulators that
help minimize hydraulic pressure fluctuations for
improved test control and data accuracy.
